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ABSTRACT
Objectives. This study examines the hypothesis that microstructure
plays a critical role in the accumulation of strength-degrading damage
in dental ceramics. A series of micaceous glass-ceramics crystallized
from a common glass composition, using heat treatments to increase
the diameter and aspect ratio of mica platelets, is used as a model
ceramic system.
Methods. Damage modes are investigated by Hertzian contact
testing. Four-point bend tests on indented specimens quantify the
influence of single-cycle and multi-cycle damage on strength.
Results. Two competing damage modes are observed: fracture, by
tensile-induced cone cracking at the macroscopic level; and quasi-
plastic deformation, by shear-induced yield at the microscopic level.
The quasi-plastic mode becomes more dominant as the micro-
structures become coarser and more elongate. Bend tests show
severe strength losses in the finer grain structures where cone
cracking dominates, but relatively small losses in the coarser grain
structures where quasi-plasticity dominates. Whereas natural
strengths decline with increasing crystallization temperature, the
strengths after indentation damage attain a maximum at intermediate
crystallization temperatures. Multiple-cycle contact loading reduces
strengths even further, and at relatively low indentation loads,
indicating susceptibility to fatigue. Finite element modelling is carried
out to evaluate the stress components that drive the damage modes.
Significance. Microstructure is confirmed to be a controlling factor in
determining the nature and degree of strength-impairing damage
accumulation in dental ceramics. The Hertzian test provides a means
of characterizing such damage in the context of clinical function.
q 1998 Academy of Dental Materials. Published by Elsevier Science Ltd

INTRODUCTION
All-ceramic dental restorations are attractive for their
aesthetic appeal. One group of dental ceramics that has
high aesthetics and has been used in crowns, inlays and
onlays is the micaceous glass-ceramics (Chyung et al.,
1972, 1974; Grossman, 1991). These ceramics were
originally designed for easy machinability, by incorpor-

ating weak interfaces between mica platelets and glass
matrix (Chyung et al., 1972, 1974). It is well docu-
mented that the size and shape of the mica platelets
determine other clinically relevant mechanical proper-
ties, such as strength, wear and fatigue resistance
(Chyung et al., 1972, 1974; Grossman, 1991; Cai et al.,
1994b; Nagarajan and Jahanmir, 1996; Xu et al., 1996).
However, systematic studies of the role of glass-ceramic
microstructure on damage accumulation under contact
conditions that simulate oral function are only recently
beginning to appear in the literature (Denry and
Rosenstiel, 1995; Denry et al., 1996; Fischer-Cripps
and Lawn, 1996b; Peterson et al., 1998).

In oral environments, dental restorations may be
subjected to masticatory forces of more than 200 N over
a lifetime of more than 107 cycles (DeLong and Douglas,
1983; Anusavice, 1989; Phillips, 1991; Craig, 1997), at
contacts between opposing cusps of characteristic radii
of 2–4 mm (Wheeler, 1958). The contact damage
produced under such conditions is most closely simu-
lated by indentation with a hard sphere, the so-called
Hertzian test (Hertz, 1896). As recently demonstrated
(Peterson et al., 1998), this test can reveal essential
information on damage modes under clinically rele-
vant conditions. In ideally brittle materials the
damage consists of a macroscopic cone crack, which
initiates from an embryonic surface ring crack outside
the indentation site (Roesler, 1956; Frank and
Lawn, 1967; Langitan and Lawn, 1969; Mikosza
and Lawn, 1971; Wilshaw, 1971; Lawn and
Wilshaw, 1975). In tougher ceramics the damage
consists of a ‘‘quasi-plastic’’ zone containing micro-
scopic shear faults and microcracks beneath the
indentation site (Guiberteau et al., 1993; Cai et al.,
1994b; Guiberteau et al., 1994; Lawn et al., 1994;
Padture and Lawn, 1994). Microstructure is the key
factor governing the balance between these two
competing modes.
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In this paper we investigate the role of microstruc-
ture on contact damage and attendant strength
degradation in micaceous glass-ceramics, in the context
of oral function. We conduct an experimental and
computational analysis of the damage modes in a series
of controlled microstructures in which simple heat
treatments are used to change the size and shape of the
mica platelets within the glass matrix. Single-cycle
contact tests are conducted to examine the transitions
from cracking to quasi-plasticity that attend micro-
structural coarsening, and to measure critical loads for
initiation of both of these damage modes. Multi-cycle
contact tests are used to observe how the damage
accumulates in the different microstructures under
fatigue conditions. A feature of the study is the use of
strength tests to quantify the material degradation
associated with both single-cycle and multi-cycle con-
tact damage. Implications of the results concerning
clinical relevance are discussed.

MATERIALS AND METHODS
Materials preparation and characterization. A series of
micaceous glass-ceramic (MGC) blocks, based on a
K2O–MgF2–MgO–SiO2 composition (Chyung et al.,
1972, 1974; Grossman, 1991), was prepared. These
blocks were crystallized from the base glass by

controlled heat treatments at 1000, 1040, 1060, 1080
and 11208C for 4 h (Grossman, 1991; Fischer-Cripps
and Lawn, 1996a). The composition used here
(Grossman, 1991) is the same as that used to make
commercial Dicor (Dentsply/Caulk, Milford, DE) for
inlays, onlays and crowns, although in Dicor coloring
agents are added. After firing, the blocks were
machined into 3 mm × 4 mm × 50 mm bars for testing.

Microstructures of these MGC materials have been
described in earlier studies (Fischer-Cripps and Lawn,
1996a; Peterson et al., 1998). In those studies, speci-
mens were surface polished with diamond paste to a
0.5 mm finish and acid etched. SEM micrographs of the
microstructures are shown in Fig. 1. For convenience,
we designate the microstructures in Fig. 1 as F, FM, M,
MC and C (F—fine, M—medium, and C—coarse).
Observe the nearly contiguous network of hexagonal
blocky mica platelets within the glass matrix. Sizes,
shapes and volume fractions of mica platelets have been
measured in a previous study using linear intercept
analyses (Fischer-Cripps and Lawn, 1996a): the
diameter of the platelets increases monotonically from
1.0 to 10 mm over the temperature range, and the aspect
ratio (diameter/thickness) from 3 to 9; the volume
fraction of platelets is relatively invariant at 0.60–0.70
over this same temperature range.

Fig. 1. Scanning electron micrographs showing microstructures of micaceous glass-ceramic (MGC) materials: A. F (‘‘fine’’), B. FM (‘‘fine–medium’’), C. M (‘ ‘medium’’),
D. MC (‘‘medium–coarse’’), E. C (‘‘coarse’’). Surfaces etched with 10 wt% ammonium bifluoride in water for 20 s to reveal mica platelets in glass matrix , and gold
coated. Secondary electron images. Micrographs A, C and E from Peterson et al . (1998).
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The presence of quasi-plasticity in the contact
response of such microstructures is most graphically
demonstrated on indentation stress–strain plots using
the Hertzian test (Fig. 2) (Cai et al., 1994b). Such plots
are constructed by measuring the contact radius a as a
function of load P for each given sphere radius r, and
plotting indentation stress, p0 = P/pa2, against indenta-
tion strain, a/r. Plots for our MGC materials are shown
in Fig. 3, from an earlier study (Fischer-Cripps and
Lawn, 1996a)—data for the brittle base glass from
which the MGC materials are crystallized are included
as a baseline linear response. These plots provide us
with a basis for later stress analysis of damage
patterns.
Hertzian contact damage. A systematic study of the
damage modes in each of the MGC microstructures
was made using the Hertzian test in Fig. 2. A hard
tungsten carbide (WC) sphere of radius r was
mounted on the underside of the crosshead of a
loading machine. The crosshead was lowered until the
sphere contacted the specimen, and the load increased
monotonically to a peak value P. Two types of loading
condition were used: single-cycle loading at a fixed
load–unload crosshead speed of 0.2 mm min−1 (Instron
1122, Canton, MA); and multi-cycle loading at a
frequency of 10 Hz (Instron 8502, Canton, MA). All
contact tests were done in air.

Fracture and quasi-plasticity subsurface contact
damage patterns were examined by optical microscopy
using a ‘‘bonded interface’’ configuration (Fig. 2), based
on a modification of a procedure originally devised for
metals (Mulhearn, 1959). This procedure has been
outlined elsewhere for ceramics (Cai et al., 1994b;
Guiberteau et al., 1994; Peterson et al., 1998). The
bonded-interface specimen is produced by first polish-
ing two half-bars with diamond paste to a 0.5 mm finish.
The two polished surfaces are bonded together using a
thin layer (,5 mm) of a cyanoacrylate-based adhesive
(Loctite, Newington, CT). The top and bottom surfaces
of the adhered half-bars are ground flat, and the top
surface polished with diamond paste to a 0.5 mm finish.

Indentations are made on the top surfaces of the
specimens in a row along the carefully aligned interface
(Peterson et al., 1998), using a WC sphere of radius r =
3.18 mm. After indentation testing, the adhesive is
dissolved in acetone. The separated surfaces are coated
with gold and viewed in the optical microscope using
Nomarski interference contrast.

Critical indentation loads for the onset of cone
cracking, PC, and yield, PY, were measured in single-
cycle loading for all five MGC materials, again using
WC spheres of radius r = 3.18 mm. PC was measured by
viewing the indented surfaces with Nomarski inter-
ference contrast in an optical microscope. An acoustic
sensor attached to the surface of the specimen during
indentation was used to detect signals associated with
any unstable formation of full cone cracks from
embryonic surface ring cracks (Mikosza and Lawn,
1971). PY was measured by similarly viewing the
indented surfaces, as the lowest load that causes a
detectable surface impression (Davies, 1949). Applica-
tion of a gold coating to the indented surfaces improved
the visibility of the cracks and quasi-plastic impres-
sions. Means and standard deviations of the critical
loads were calculated from a minimum of five indenta-
tions per load per specimen.
Finite element modelling. A finite element model
(FEM), using a commercial package (Strand, G&D
Computing, Sydney, Australia), was used to simulate
the contact in Fig. 2, at a fixed sphere radius r =
3.18 mm. Details of the FEM algorithm used are
described elsewhere (Fischer-Cripps and Lawn,
1996b). In the calculation, loading proceeds from
initial contact in a stepwise manner, enabling
determination of contact radius a at each load
increment P, and allowing in turn for computation of
indentation stresses (p0 = P/pa2) and strains (a/r).
Plastic deformation in the test material is governed
by a critical shear stress criterion. All grid volume
elements are allowed to deform in accordance with a
generic bilinear elastic–plastic constitutive stress–
strain relation j(«) in uniaxial compression (Fischer-
Cripps and Lawn, 1996b; Lawn and Marshall, 1998):

j =E« (j , Y) (1a)

j =Y +a(«E−Y) (j . Y) (1b)

whereE is Young’s modulus, Y the uniaxial stress for the
onset of yield, and a a dimensionless strain-hardening
coefficient in the range 0 # a # 1 (a = 0, fully plastic;
a = 1, fully elastic). The material parameters in Eqs (1a )
and (1b) are composite values for the two-phase micro-
structures, appropriate to continuum calculations of
macroscopic yield properties of interest here.

Values for the parameters in Eqs (1a) and (1b) were
obtained for our MGC materials as follows: E, using
sonic velocity measurements (Fischer-Cripps and
Lawn, 1996a); Y, from the relation PY < 1.1pa2Y,
derived from the condition that the maximum shear
stress in the contact field exceeds Y/2 (Tabor, 1951;
Lee et al., 1997), with a measured directly at P = PY
(previous subsection); and a, from best fits of Eqs (1a)

Fig. 2. Schematic of Hertzian contact test. Hard sphere, radius r, loaded with
force P onto specimen surface, producing contact radius a. Specimen may be
pre-sectioned in bonded-interface configuration (dashed line) to reveal sub-
surface damage.
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and (1b) to the actual indentation stress–strain data in
Fig. 3, determined to an accuracy of 60.05 (Fischer-
Cripps and Lawn, 1996b). Note that the abrupt
discontinuity in slope at the yield point in Eqs (1a)
and (1b) is smoothed out at the corresponding yield
point in the indentation stress–strain curves of Fig. 3,
owing to strong elastic confinement of the incipient
quasi-plastic zone in the initial stage of development
beneath the contact (Tabor, 1951; Fischer-Cripps and
Lawn, 1996a; Fischer-Cripps and Lawn, 1996b).

With these parameters calibrated, the FEM algo-
rithm was used to evaluate principal shear and tensile
stresses and strains within the contact field.
Strength testing. The effect of single-cycle contact
damage on strength was measured for all five MGC
materials by breaking bar specimens in four-point
bending. Prior to indentation, the bars were surface
polished and chamfered to remove edge flaws.
Indentations were made with a WC sphere of r =
3.18 mm, at peak loads up to P = 2500 N. The bars
were placed in the four-point bend fixture (inner span
10 mm, outer span 20 mm) with the indentation

Fig. 3. Indentation stress–strain curves for MGC materials, including base glass,
using WC spheres. Data from Fischer-Cripps and Lawn, 1996a. Solid curves from
FEM analysis.

Fig. 4. Optical micrographs (Nomarski illumination) of damage in bonded-interface specimens of MGC: A. F, B. FM, C. M, D. MC, E. C. Showing half-surface (uppe r) and
section (lower) views, single-cycle indentations with WC sphere, r = 3.18 mm and P = 1000 N. Cone cracking and quasi-plasticity damage are evident. Micrographs A,
C and E from Peterson et al . (1998).
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centered on the tensile side. After placing a drop of
silicone oil onto the indentation site, the bars were
broken in fast fracture (fracture time ,40 ms), to
minimize the effects of moisture on the strength
(Marshall and Lawn, 1980). Strengths were calculated
from the breaking loads using beam theory. Three to
five specimens were broken at each load, and means
and standard deviations calculated.

The effect of multi-cycle indentation on strength
degradation (‘‘contact fatigue’’) was evaluated for F-
MGC, M-MGC and C-MGC materials, at a sphere
radius r = 3.18 mm, up to n = 106 cycles (Guiberteau
et al., 1993; Cai et al., 1994a). A load P = 500 N below
the threshold for cone crack initiation in single-cycle
loading was chosen for this series of tests.

Comparative strength tests were run on specimens
after sandblasting with 50 mm silica particles, under a
gas pressure of 0.5 MPa at a nozzle–specimen distance
of 10 mm, to simulate clinical dental preparation
protocols.

RESULTS
Experimental results. Views of surface and subsurface
damage from bonded-interface patterns for each MGC
material are shown in Fig. 4, from indentations at P =
1000 N with a sphere radius r = 3.18 mm. The sequence
shows an evolution in the competition between cracking
and deformation, as follows: A. F-MGC—the response
is predominantly brittle, with a well-developed cone
crack. However, there is also a slight depression
within the crack periphery, indicating some quasi-
plastic yielding. B. FM-MGC—the cone crack is less
well developed, and the quasi-plastic zone is more
apparent. C. M-MGC—the cone crack is suppressed—
only a surface ring crack remains (note the absence of
any downward extension in the section view). The
surface impression is deeper, and the subsurface

quasi-plastic zone is now well developed. D. MC-
MGC—the ring cracks are now vestigial, and the
surface impression and subsurface quasi-plastic zone
are further developed. E. C-MGC—any vestigial ring
cracks are now almost invisible. The quasi-plastic zone
is totally dominant, reminiscent of hardness
impressions in metals.

Critical loads for the onset of cracking and yield
damage in each of the MGC materials are plotted in
Fig. 5 as a function of crystallization temperature.
Observe that PC q PY over the entire temperature
range, confirming that quasi-plasticity is readily pro-
duced in all microstructures. With the PC data, the solid
symbols for F-MGC and FM-MGC indicate generation
of full cone cracks, the open symbols for M-MGC and
MC-MGC indicate surface ring cracks only (no point is
included for the essentially plastic C-MGC). The
insensitivity of PC to heat-treatment temperature is of
less consequence than the reduction in crack severity.
With the PY data, the yield stress initially diminishes
quickly through F to M, and then saturates through M
to C at a relatively low value as the quasi-plastic mode
becomes dominant.
Analysis of contact fields. An FEM analysis of the
contact fields was carried out using the following
parameters: for the MGC, common Young’s modulus E
= 70 GPa and n = 0.26 (Fischer-Cripps and Lawn,
1996b) along with measured yield stresses Y and best-
fit values a (Table 1); for the WC indenter, E = 614 GPa,
n = 0.22, Y = 6.0 GPa and a = 0.10 (Fischer-Cripps and
Lawn, 1996b). The FEM-regenerated stress–strain
functions are included as the solid curves in Fig. 3.
The trend to more pronounced nonlinearity (increasing
a) with increasing microstructural coarsening correlates
with the intensity of quasi-plastic deformation observed
in the micrographs in Fig. 4.

Given the calibrated parameters in Table 1, the
FEM algorithm can be used to evaluate the contact
fields. Accordingly, Fig. 6 maps out principal shear
components, for P = 1000 N, i.e. corresponding to
conditions in Fig. 4. Fig. 6 plots shear strain contours,

Fig. 5. Critical loads for onset of surface cone cracking ( PC) and subsurface yield
(PY) for MGC materials. Data plotted as function of crystallization temperature, at
fixed WC sphere radius r = 3.18 mm. Open symbols for PC(r) data indicate
surface ring cracks only.

TABLE 1: YIELD PARAMETERS FOR MATERIALS USED IN
FINITE ELEMENT MODELLING, Y FROM CRITICAL CONTACT
PRESSURE AT FIRST YIELD AND a FROM FEM BEST FIT TO

INDENTATION STRESS-STRAIN DATA

Material Yield stress Strain-hardening
Y (GPa) coefficient a

F-MGC 1.63 0.80

FM-MGC 1.19 0.60

M-MGC 0.91 0.50

MC-MGC 0.91 0.40

C-MGC 0.83 0.20
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where the shaded areas indicate the regions within
which yield occurs and the degree of shading indicates
levels of strain. In this instance, contours of strain
rather than stress are plotted to afford a direct
correlation with the observed damage intensity in the
micrographs (bearing in mind that the Nomarski
contrast used in Fig. 4 is displacement-sensitive) (Lee
et al., 1997). The geometries and intensities of the
predicted damage zones in Fig. 6 reproduce the main
features of the experimental observations in Fig. 4,
confirming quasi-plasticity as a shear-driven process.
Note in particular how the strain contours become
progressively more intense through the sequence F–
FM–M–MC–C.

The FEM calculations enable parallel evaluations of
the tensile stress fields. At the same load P = 1000 N as
used in Fig. 6, the maximum tensile stress in the top
surfaces varies over only a small range (1.0–1.1 GPa)
with changing microstructure. This result is consistent
with the insensitivity of PC data to crystallization
temperature in Fig. 5.
Single-cycle damage. Strengths of MGC specimens
subjected to single-cycle contacts are plotted in Fig. 7
as a function of contact load P. Included at right are
optical micrographs of four-point bend failures from
contact sites, at P = 1500 N: in the F, FM and M
materials the surface traces of the breaks lie outside
the contact, and move progressively toward the
surface ring, characteristic of failures from the bases

of ever-shallower cone cracks (Lawn et al., 1984); in
the MC material, breaks initiate sometimes from ring
cracks (as in Fig. 7D), but more often from the quasi-
plastic zones, indicating transitional behavior; in the C
material the breaks pass closer to the center of the
contact, intersecting the contact periphery almost
orthogonally, consistent with subsurface failure
initiation from within the quasi-plastic zone (Lawn
et al., 1998).

In the strength plots, closed symbols represent
failures from cone or ring cracks, grey symbols from
quasi-plasticity zones, open symbols from other origins.
Boxes at the left axis represent strengths of
unindented, polished specimens. Vertical dashed lines
indicate critical loads, PC, for cracking (where applic-
able) and PY for yield. Solid curves are empirical data
fits. The F, FM and M materials exhibit typical brittle
responses: no perceptible degradation at P , PC,
indicating failures from natural flaws; abrupt dropoff
at P = PC, highlighting the effectiveness of cone
cracking as a source of strength degradation; and
continued falloff at P . PC, but at a relatively slow
rate, as the cone cracks are driven deeper with
ever-increasing load. Observe that the incidence of
accompanying plasticity at P . PY (,PC) has no
apparent effect on the strength in F and FM. The MC
and C materials exhibit more quasi-plastic responses:
no degradation at loads P up to and beyond PY; gradual
falloff at some load P q PY.

Fig. 6. FEM-generated maximum shear strain contours within yield zone boundaries (shaded), for indentation of MGC materials with WC sphere, radius r = 3.18 mm,
load P = 750 N: A. F, B. FM, C. M, D. MC, E. C. Contact radius OA. Compare quasi-plastic zones in micrographs in Fig. 4.
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It is instructive to replot some of the data in Fig. 7 as
a function of crystallization temperature, to highlight
the role of microstructure on strength behavior. The
plot in Fig. 8 compares strength data for specimens in
the as-polished (unindented) state with data from
specimens with single-cycle contact damage at load P
= 750 N, along with some data from sandblast-damaged
specimens. The pristine strengths decline monotoni-
cally with rising crystallization temperature, consistent
with a scaling in flaw size associated with the weak
mica–glass interfaces in the progressively coarsening
microstructures (Fig. 1) (Lawn, 1993). The strengths of
the indented specimens are degraded relative to the
pristine strengths over the entire range of tempera-
tures: most markedly at the lowest temperatures (F),
moderately at the intervening temperatures (M), and
barely at all at the highest temperatures (C). A distinctive
feature of the strength data for the damaged specimens is
a maximum somewhere between the FM and M
materials. The considerable strength degradation in
the finer F and FM materials is attributable to the
presence of well-developed cone cracks. The strength
losses are comparatively minor in the coarser MC and C
materials, reflecting the greater damage tolerance
associated with quasi-plastic contacts. In a clinical
context, it is notable that the data from the sandblast

treatment overlap the indentation data within the
standard deviation scatter (Fig. 8), suggesting that
the contact test is an appropriate indicator of the
damage intensity incurred in common abrasive finish-
ing procedures.

ANOVA on the data in Fig. 7 shows that the strength
decrements at P = 1500 N relative to the intrinsic (as-
polished) values are significant in all cases ( p , 0.05).
Multi-cycle damage. Fig. 9 shows optical micrographs of
multi-cycle contact sites in F, M and C surfaces after n =
106 cycles at a load P = 500 N. Cycling dramatically
increases the damage severity in all three materials,
from initially shallow quasi-plastic indentations with
no visible sign of cracking (not shown) to much deeper
indentations with distinctive crack patterns and
annular surface ‘‘fretting’’ (Johnson, 1985). The
induced crack patterns differ in form, from well-
developed cones in F to shallow surface rings in M
and no significant ring cracks at all (but most severe
annular fretting) in C. Incipient radial cracks (Lawn
and Wilshaw, 1975) are observed at the edges of the
surface damage patterns in F and C, but not in M.

Strengths of MGC specimens subjected to multi-cycle
contacts are shown in Fig. 10 as a function of number of
cycles n, at P = 500 N. Again, the F material shows a
typical ‘‘brittle’’ response, with abrupt strength falloff
at n = 102–103. Fractographic examination of broken
specimens confirmed the association of this falloff with
the appearance of large cone cracks. The M material
also shows a brittle response, but with markedly
smaller falloff at n = 1–10. This still abrupt but smaller
falloff is consistent with the fractographic observations,
which indicated failures from much shallower, barely
visible ring cracks. The C material shows a ‘‘quasi-
plastic’’ response, with an immediate but gradual fall
off in strength after the first cycle. In this case
fractography confirmed that the failures occur from
quasi-plastic zones over the entire data range. The
radial cracks observed in the F and C materials (Fig. 9)

Fig. 7. Strengths of MGC specimens as function of contact load. Single-cycle
indentations with WC sphere, r = 3.18 mm. Data points are means and standard
deviations, 3–5 flexure specimens per point: closed symbols represent failures
from cone cracks, grey symbols failures from quasi-plasticity zones, open
symbols from other origins. Open boxes at left axis represent strengths of
polished, unindented specimens. Vertical dashed lines indicate critical loads for
cracking and yield. Solid curves are empirical fits to the data. Included at right are
optical micrographs (Nomarski illumination) showing surface views of contact
failure sites in MGC bend specimens (tension axis vertical), at P = 1500 N (marker
in (A) is 500 mm).

Fig. 8. Strength versus crystallization temperature for MGC materials. Data
replotted from Fig. 7: strengths of pristine (as-polished, unindented) specimens,
breaks from natural flaws (open circles); strengths of indented specimens, r =
3.18 mm at load P = 750 N, breaks from cracks (closed circles) and quasi-plastic
damage zones (grey circles); strengths of sandblasted specimens (squares).
Solid curves are empirical fits to the data.
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do not appear to be sufficiently developed to act as
failure sites.

DISCUSSION
We have used the Hertzian contact test to identify
damage modes in a micaceous glass-ceramic with
microstructures controlled by crystallization heat treat-
ments (Fig. 4). Two competing damage modes have been
identified: brittle, by tensile-induced cone cracking; and
quasi-plastic, by shear-induced yield. Cone cracking is
more strongly developed in the finer grain structures
(lower crystallization temperatures), and is virtually
suppressed in the coarser grain structures (higher
crystallization temperatures). This suppression has
been attributed to two causes: relaxation of the subsur-
face tensile zones outside the contact from the quasi-
plasticity (Fischer-Cripps and Lawn, 1996b); and
enhanced deflection of surface ring cracks away from
tensile stress trajectories (Lee et al., 1997). Quasi-
plasticity is more strongly developed in the coarser
grain structures, but is present in all cases. These
trends are consistent with reports of microstructurally-
induced ‘‘brittle–ductile’’ transitions in other ceramic
systems (Lawn et al., 1994). Strength degradation of
bar specimens with single-cycle contact damage is
highly sensitive to damage mode—severe in the finest
(F) materials with dominant cone cracks, slight in the
coarsest (C) materials with dominant quasi-plasticity
zones (Fig. 7). On the other hand, once damage is
introduced, the degradation is relatively insensitive to
the contact load—or even to the means by which the
damage is introduced, e.g. by indentation or sandblast-
ing (Fig. 8) or machining (Grossman, 1991). The
strength degradation is further enhanced in specimens
with multi-cycle contacts (Fig. 10). Intermediate (M)
materials appear to be most tolerant to cyclic damage
accumulation, with highest retained strengths, at least at
the contact load (500 N) and radius (3.18 mm) studied.

FEM has been used to evaluate the contact stress
states associated with the damage modes, using a

bilinear elastic–plastic constitutive law. Shear strain
contours (Fig. 6) demonstrate the capacity of FEM to
account for essential features of the macroscopic quasi-
plastic zone geometry and damage intensity. Analytical
fracture mechanics models (Lawn et al., 1998) are
currently being developed for predicting the strength
degradation behavior of materials with either cone
cracks or quasi-plastic damage.

From a materials design standpoint, intermediate
microstructures may provide the best compromise
between opposing requirements of immunity to
strength loss from either single-cycle (Fig. 7) or fatigue
(Fig. 10) loading and wear resistance. It is clear from
the indentation–strength data (Figs. 7, and 10) that full
cone cracks can be highly deleterious. On the other
hand, excessive quasi-plasticity can also be deleterious,
especially under fatigue conditions (Fig. 10), because it

Fig. 9. Optical micrographs (Nomarski illumination) showing surface views of contact sites in MGC specimens: A. F, B. M, and C. C. Multi-cycle indentations, n = 10 6

cycles, with WC sphere r = 3.18 mm at load P = 500 N.

Fig. 10. Strengths of MGC specimens as function of number of contact cycles.
Multi-cycle indentations with WC sphere, r = 3.18 mm, fixed contact load P =
500 N. Data points are means and standard deviations, 3–5 flexure specimens per
point: closed symbols represent failures from cone cracks, grey symbols failures
from quasi-plasticity zones, open symbols from other origins. Open boxes at left
axis represent strengths of polished, unindented specimens. Solid curves are
empirical fits to the data.
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may lead to coalescence of microdamage within the
damage zone (Lawn et al., 1998), with consequent
material removal (Nagarajan and Jahanmir, 1996).
Another manifestation of microcrack coalescence in
MGC materials is enhanced machinability (Grossman,
1991).

Finally, it is of interest to examine the results from a
clinical standpoint. Fig. 5 indicates values of PC and PY
at which the two damage modes first initiate, for a
sphere radius of 3.18 mm. [Recall that r = 3.18 mm lies
within the quoted range 2–4 mm for cuspal radii
(Wheeler, 1958).] In Fig. 5, values of PC for single-cycle
loading exceed 600 N, which is well above the level of
200 N often quoted for typical mastication forces (De-
Long and Douglas, 1983; Anusavice, 1989; Phillips,
1991; Craig, 1997). However, as seen in the micro-
graphs in Fig. 9, multi-cycle contacts can produce cone
cracks at much lower loads, especially in the finer
microstructures. Smaller sphere radii can also lower PC
(Lee and Lawn, 1998; Peterson et al., 1998). Once full
cone cracks do initiate, strengths are severely de-
graded, compromising the structure. For quasi-plasti-
city, the values of PY in Fig. 5 actually lie below 200 N
over most of the microstructural range. Again, multi-
cycle loading can enhance the intensity of quasi-plastic
damage, especially in the coarser microstructures. If
the damage is sufficiently severe that coalescence
occurs, properties can again be severely degraded.
Hertzian contact provides a simple route to the
simulation of such degradation phenomena, under a
variety of potential oral conditions.
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